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Abstract 
The electroless nickel-phosphorus based composite coatings are popular because of their outstanding hardness, yield strength, 
better resistance to wear, frictional resistance, corrosion resistance, and good lubricity. In the present study attempts is made to 
investigate the influence of process parameters on the surface roughness of Ni–P–TiO2 composite coatings with the help of Grey 
analysis and the Taguchi method. Different surface roughness parameters considered in the analysis are Ra, Rq, Rsk, Rku and Rsm. 
The coating parameters considered nickel sulpahte as nickel source, sodium hypophosphite as a reducing agent and concentration 
of TiO2 particles as second phase particles are fitted into L27 orthogonal array to find out the optimum level of process parameters 
to minimize the surface roughness of the composite coatings. It is observed from the experimental result that the concentration of 
the second phase particles, i.e. titanium particles has significant influence and amount of reducing agent has moderate influence 
in controlling roughness parameters of composite coatings. The surface structure and compositional analysis with the phase 
structure of the composite coatings are analyzed by using SEM, EDAX and XRD analysis respectively. The experimental result 
confirmed that weight percentage of TiO2 particles increase with increase in TiO2 content in electrolysis bath. Similarly from 
SEM images it is confirmed that the composite particles are uniformly distributed over the coated surface. From the XRD 
analysis, it is observed that composite coating without heat treatment has single broad peak it means that the coating is 
amorphous in nature. 
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Introduction 
In the past the electroless nickel coatings are used to protect the metal surface from environmental changes, but 
now a day’s these coatings are used to protect metal surface from corrosion, wear and friction. The protection of 
surface by using electroless coating is an essential part of design, development and synthesis of novel materials. 
Approximately 90% of the machine parts, tools and equipments, which are used in industries, are affected due to 
environmental changes, corrosion, wear, friction and erosion. To overcome these problems it is essential that the 
materials, tools and equipments are made from hard, tough, wear and corrosion resistant material but it is not 
beneficial in all respects. In such circumstances the base material is protected from corrosion, environmental changes 
and also to increase its hardness, wear and frictional resistance by applying a specific thin layer. The electroless Ni–
P and/or Ni–B coating is one of the imperative surface engineering technologies which applied to industrial field. In 
this process metal deposition is controlled by chemical reaction. It is an auto-catalytic chemical process used to 
deposit a layer of Ni–P and/or Ni–B on ferrous or non-ferrous metals. The electroless coating process depends on the 
presence of a reducing agent, which reacts with metallic ions to deposit metal. When the substrate is dipped in the 
electroless bath, it develops potential. Due to this negative and positive ions are attracted towards the surface of the 
substrate and release the energy charge transfer process. The electroless nickel coatings are mainly divided into four 
groups such as, pure nickel/black nickel coatings, alloy/poly alloy coatings, electroless nano-composite coatings and 
composite coatings [1].   
The EN composite coating is defined as the coating formed by co-deposition of fine hard/soft composite 
particles into a Ni-P alloy coating from an electroless bath. The composite coating is produced by the impacting and 
deposition of composite particles on the surface of the specimen, with successive surrounding of fine composite 
particles by Ni-P coating. Above all the composite particles are introduced into Ni–P and/or Ni–B to improve 
hardness, wear resistance, friction resistance, corrosion resistance, and lubricity. On the basis of literature review, 
composite coatings are divided into two types. First is soft composite coating and other is hard composite coating. 
For example, coatings incorporating soft particles like PTFE, MoS2, HBN, and Graphite are soft composite coatings 
and coatings consisting of hard particles, e.g., TiO2, ZrO2, WC, Al2O3, SiC, Si3N4, etc are hard composite coatings 
[2]. The outstanding properties of electroless nickel composite coatings depend on stable dispersion of nano/micro 
composite particles or otherwise composite coatings would have non-uniformly distributed particulates and several 
defects, owing to the segregation and agglomeration of the nano/composite particles with high surface energy and 
activity in the electroless plating bath [3]. Hardness, wear resistance, frictional resistance of composite coatings 
improved significantly if composite coated specimens were  heat treated at 400°C for one hour [4]. A various types 
of hard particles are usually used for reinforcement phase. From the literature review, it is confirmed that the 
incorporation of hard/soft composite particles in electroless Ni–P composite coatings depends on impingement of 
particles on the coated surface and also on the holding time of the particle on the coated surface [5]. Cheng-Kuo Lee 
[6] has observed that the surface roughness of nano-composite coatings reduced significantly due incorporation of 
TiO2 and CNT as compare to Ni‒P coating. The outcome of the experiments confirms that by incorporating the 
CNT nano-particles in the Ni‒P coating reduces the roughness of the coating (Ra and Rms) at the same time increases 
the fineness, density, continuity and smoothness of the coating.  
Surface roughness have great impact on mechanical as well as tribological properties of the composite coated 
specimens. The different properties like as wear, friction, corrosion, creep, fatigue failure, heat transmission, 
electrical conductivity, light reflection and lubricity etc. are affected by surface roughness [7]. In composite coatings, 
surface roughness plays very important role as it affects on porosity of the coating. Due to higher porosity the 
corrosion resistance of the composite coating may be reduced. Therefore, it is essential to reduce or control the 
surface roughness of coated samples. Hence it is very essential to carry out investigation on surface roughness and to 
optimize the bath process parameters to reduce the surface roughness at preferred level. In addition, from the 
substantial literature review, it is found that modest research exists on optimization of the process parameters of nip 
composite coatings. The present work deals with optimization of surface roughness of Ni–P–TiO2 composite coating 
considering five different roughness parameters such as, CLA (center line average, Ra), RMS (root mean square, Rq), 
skewness (Rsk), kurtosis (Rku), and MLPS (mean line peak spacing, Rsm). Taguchi technique [8] combined with grey 
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relational analysis is used to find out the suitable process parameters to achieve optimum surface roughness 
characteristics of Ni–P–TiO2 composite coating.  Taguchi technique, based on orthogonal array (OA), is an 
influential method for the design of high quality system. In this method S/N ratio is used to signify the quality 
characteristics. Mainly three types of S/N ratios are used for optimization purpose, which are, the lower the better 
(LB), higher the better (HB), and nominal the best (NB). As the present case is of multi-response optimization, grey 
relational analysis is used to get the optimum coating parameter combination, which yields optimum roughness 
characteristics. A statistical analysis of variance (ANOVA) is referred to find out the statistically significant process 
parameters. Furthermore, the characterization of coating is done with the help of SEM, EDX, and XRD to find out 
the microstructure characteristics of Ni–P–TiO2 composite coatings. 
1. Experimental Procedure 
1.1. Coating preparation  
The first step of the experiment is in preparation of the sample for coating. For effective deposition of coating it 
is essential to prepare the sample surface carefully and properly.  For experimental purposes specimen made up of  
AISI 1040 (mild steel) and with size of 20 mm × 20 mm × 2 mm is used for electroless TiO2 composite coatings. 
Various machining, mechanical processes such as shaping, porting, milling, and grinding processes are used in 
sequence for preparation of the samples. In the next step samples are properly cleaned from foreign particles and 
corrosion products and then cleaned thoroughly with distilled water.  A further step is pickling of cleaning 
specimens, in which samples are dipped in diluted hydrochloric acid (50%) for one minute to remove rust on them 
and after that specimens are cleaning with distilled water and methanol. Then the samples are activated by dropping 
into warm palladium chloride solution at a temperature 55°C. After that specimens are immediately immersed into 
electroless bath maintained at temperature 85 ± 2°C for three hours. Deposition time of the coating is maintained 
fixed so as to get uniform thickness of the coating. 
The composition of chemicals and the working conditions for setup of electroless Ni–P–TiO2 composite coatings 
are decided after massive number of trial experiments. The quantity of chemicals used and operating conditions for 
the deposition of electroless Ni–P–TiO2 composite coating is shown in Table 1. The bath is prepared by adding the 
chemicals in proper sequence. Nickel sulpahte is used as nickel source, whereas sodium hypophosphite taking as 
reducing agent. The pH of the solution is maintained in the range of 4.5 to 5 which is continuously controlled by pH 
meter. Approximately 50 ml of Ni‒P bath solution containing the requisite amount of TiO2 powder and the 
prescribed amount of wetting agent, Sodium Dodecyl Sulphate (SDS), is meticulously mixed using a magnetic 
stirrer (Remi make 2 MLH) to obtain a uniform suspension of composite particles in the solution. To prevent the 
porosity of composite coating initially Ni–P coating is formed in the first hour after that the solution containing TiO2 
particles and surfactant is poured in the same electroless bath for the succeeding two hours to form Ni–P–TiO2 
composite coating. In the present study the thickness of titanium composite coating has varied from 25 to 29 
microns. After finishing, coating period, the specimens are taken out from the electroless composite bath and 
cleaned with distilled water and wrapped into smooth paper to protect them from environmental effect. Here it is 
important to point out that, to remove the effect of roughness of the specimen on the final response, all the 
specimens have to be of similar roughness. Accordingly, large numbers of specimens are prepared and after all the 
processing prior to coating, these are subjected to roughness evaluation. Only those specimens are selected which 
show less than 0.1% variation in roughness used for coating deposition. 
It is well understood that during chemical reaction nickel sulpahte supplies nickel ions in the solution and at the 
same time sodium hypophosphite reduces ions of nickel from their active state to nil state. Complexing agents (tri 
sodium acetate and sodium acetate) are used to control the chemical reaction into feasible form.  Complexing agents 
release the nickel ions slowly during a chemical reaction due to its metastable form. Abdel Gawad et al. [9] have 
reported that the surfactant lowers the surface tension of liquid; hence particles are spread without difficulty, and 
reduce the interfacial tension between the solid and liquid surfaces. H Xu et al. [10] Have found that the surfactant 
improves the suspension rate of particles by increasing the wettability of and surface charge of floating particles 
which prevents the agglomeration of composite particles and it also boost the electrostatic adsorption of floating 
particles on the substrate. Mommenzadeh and Sanjabi [11] have reported that by increasing the amount of Sodium 
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Dodecyl Sulphate up to 0.5 g/L the volume % of TiO2 also increased. It is very important to decide the amount of 
surfactant in the bath otherwise higher amount of surfactant molecules will absorbed on to the coating surface and 
the self-catalyzed reaction cannot be run smoothly [12].      
  Table 1.Electroless bath chemical composition and working conditions 
Bath chemical Composition  Working Conditions  
NiSO4.6H2O (Nickel Sulphate)  35 ‒ 45 g/L pH 4.5-5.0 
NaH2PO2.2H2O (Sodium Hypophosphite) 15 ‒ 25 g/L Bath Temperature  85±2°C 
TiO2 Particles 05 ‒ 15 g/L Bath Volume 250 ml 
C6H5Na3O7.2H2O (Tri Sodium Citrate) 15 g/L Stirrer Speed 300 rpm 
CH3COONa (Sodium Acetate) 5 g/L Deposition Time  3 Hours 
C12H25NaO4S (Sodium Dodecyl Sulphate) 0.2 g/L   
     In composite coatings there are several factors which influence coating characteristics such as quantity of nickel 
source, quantity of reducing agent, pH, bath temperature, amount of TiO2 composite particles, complexing agent and 
stabilizers etc.  From extensive literature review it is concluded that there are three important parameters such as, 
nickel source concentration, reducing agent, and amount of TiO2 particles are normally used by the 
scientist/researchers to control the properties of composite coatings [8, 13-14]. The design parameters considered 
together with their levels are shown in Table 2. 
                Table 2. Design factors and their levels 
Design Parameters Designation  Unit 
Levels 
1 2 3 
NiSO4.6H2O (Nickel Sulphate)            A g/L 35 40a 45 
NaH2PO2.2H2O (Sodium Hypophosphite) B g/L 15 20a 25 
TiO2 Particles C g/L 05 10a 15 
a = initial condition 
 
1.2. Planning of the experiment 
 Design of Experiment (DOE) is an organized, meticulous approach to engineering task-solving that applies 
principles and techniques at the data collection stage so as to ensure the generation of suitable, justifiable, and 
acceptable engineering conclusions. It provides the maximum amount of conclusive information of experimental run 
or other limited sources.  It is expected to reduce the number of iterations for investigation of experiments by 
reducing the required time span of experiments. In this method planning is very essential to parameters are 
controlled in order to monitor the effect of the response variable.  The main objective of the present study is the 
minimization of the surface roughness characteristics of Ni–P–TiO2 composite coatings. Orthogonal array (OA) is 
mainly used to reduce the number of experiments to obtain the optimum level of process parameters. To describe the 
quality of the surface roughness five parameters are considered instead of single parameters. Hence it is multi-
response problem for five roughness characteristics (Ra, Rq, Rsk, Rku, and Rsm). In any experimental model response 
variable is the output. It requires the least amount of experimental trials to find out the main effect of parameters as 
well as to find out the effect of interaction of parameters. In a present work L27 OA is selected on the basis of the 
number of parameters considered with its levels and with their interactions. The total degree of freedom (DOF) for 
the three factors with three levels by considering the individual factor and their interaction is 18. Hence L27 
orthogonal array is selected to satisfy all the conditions of DOF and it requires the execution of twenty seven 
experiments. The three design parameters [nickel sulphate (A), sodium hypophosphite (B) and TiO2 powder (C)] 
with its interactions are allotted to their respective position in an array. To determine the percentage contribution of 
the parameters and their total effect the cell values in interaction columns and error columns are used in ANOVA.   
443 Prasanna Gadhari and Prasanta Sahoo /  Procedia Engineering  97 ( 2014 )  439 – 448 
1.3. Measurement of surface Roughness  
To measure a surface roughness of the Ni–P–TiO2 composite coated samples, a portable stylus and skid type 
profilometer, Talysurf (Taylor Hobson, Surtronic 3+) is used. Initially a cutoff length of 0.8 mm with Gaussian filter 
and an evaluation length of 4 mm, the transverse speed of the stylus is 1 mm/sec are set by using respective keys 
provided on the profilometer. To get accurate results, the roughness measurement on the coated surface is repeated 
for four times at different locations. The average of four readings is taken as the final value of respective roughness 
parameter. Dedicated advanced software Talyprofile is used for evaluation of different roughness parameters. The 
measured profile is digitized and processed through given software. 
1.4. Characterization of coating 
Scanning electron microscopy (SEM) (JEOL, JSM-6360, Oxford Instruments, Japan) equipped with EDX 
analysis is used for studying the coated surfaces and cross-sections of the surface of the composite coating and also 
used to investigate the weight percentage of the titanium, phosphorus, oxygen, and nickel content in the composite 
coating. The thickness of composite coated sample (by taking its cross section) is measured by using SEM. X ray 
diffraction (XRD) analysis (Rigaku, 30 mA 40 kV, Ultima III) is used to study the phase structure to find out the 
different precipitated phases of as-deposited composite coating.    
2. Experimental Procedure 
2.1. GRA (Grey relational analysis) for five roughness parameters 
As discussed earlier, the present work is related to the minimization of five surface roughness parameters 
simultaneously with optimization of coating process parameters. It is a case of multi-response parameters; therefore 
it cannot be optimized by simply using Taguchi technique. Consequently grey relational analysis [15] is combined 
with a Taguchi technique to solve the problem having a multi - response. This process starts with execution 
normalization of experimental result is obtained by using grey relational generation in the range of 1 and zero. It 
represents the correlation between the actual experimental data and desired data. After that, overall grey relational 
grade of each performance characteristic is determined by averaging grey relational coefficient. The optimal level of 
the process parameters is the level at which the grey relational grade is maximum. The combination of these process 
parameters is performed by statistical ANOVA to find significant parameters. An optimum combination of process 
parameters can be predicted by grey relational analysis with ANOVA analysis. In the final verification experiment is 
conducted to validate the optimal process parameters obtained from the analysis. For brevity, details of intermediate 
calculations and grey relational analysis are excluded in the present study and only end values for the grey relational 
grade with their order are given in Table 3.  
2.2. Study of signal to noise ratio 
It is very important to calculate desirable factor levels, which are calculated by using a traditional simple average 
method. S/N ratio is an evaluation tool for determining the robustness and captures the variation in the results within 
a test condition. S/N ratio is considered as a response or output of the experiment. It measures the variation in results 
when noise factors are present in the system, which are not in control. In the current study S/N ratio of grey 
relational grade is considered as the performance index. The S/N ratio for grey relational grade is calculated using 
Higher the Better (HB) criterion to reduce surface roughness of the coating and is given by:   
2
1
1 1
10log
n
i
S
N n y 
§ ·  ¨ ¸© ¹¦    (1) 
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In the above equation ‘y’ is considered as the observed data and ‘n’ is the number of observations. Table 4 shows 
the response table for mean grey relational grade for giving factors along with three levels. The statistical analyses 
are performed using user friendly Minitab software [16].  The table encompasses delta statistics on which rank is 
based, compares the relative magnitude of the effects. The difference between highest mean grey relational grade for 
each factor and the lowest mean grey relational grade for the same is known as delta statistics. The rank is given on 
the basis of higher delta value I. e. higher delta value is having rank one.  
       Table 3. Grey relational grade with its order. 
Expt. No. Grey relational 
grade 
Order Expt. No. Grey relational  
grade 
Order Expt. No. Grey relational  
grade 
Order 
1 0.5065 26 10 0.3630 27 19 0.6645 14 
2 0.7619 04 11 0.7080 10 20 0.7770 03 
3 0.6201 19 12 0.6133 20 21 0.5337 23 
4 0.5785 22 13 0.7075 11 22 0.7439 05 
5 0.5277 25 14 0.6602 16 23 0.7918 01 
6 0.6472 17 15 0.7244 08 24 0.5979 21 
7 0.6604 15 16 0.7297 07 25 0.6259 18 
8 0.6876 13 17 0.7424 06 26 0.7816 02 
9 0.6889 12 18 0.7088 09 27 0.5304 24 
                                   Table 4. Mean response table for the grey relational grade. 
Level A B C 
1 0.63097 0.61644 0.61999 
2 0.66193 0.66435 0.71536 
3 0.67185 0.68397 0.6294 
Delta  0.04088 0.06754 0.09538 
Rank 3 2 1 
Total mean grey relational grade = 0.65492 
   
 
Fig. 1. Main effect plot for mean grey relational grade. 
 If the line for any parameter is near to mean line or horizontal line, it means that such parameter has no 
significant effect. Similarly, any parameter for which the line has a maximum inclination has the most significant 
effect. From Fig. 1 it is found that the line for parameter A (nickel sulfate) has minimum inclination hence it has a 
less significant effect. It is also observed that parameter C (TiO2 powder) has a maximum inclination that means it 
has most significant effect and parameter B (reducing agent) has the moderate effect. Fig. 2 shows the interaction 
plots between parameters A×B, A×C, and B×C. Whereas in case of interaction plots, parallel lines indicate that there 
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is no interaction between any parameters and non parallel lines indicates the presence of interaction between the any 
of two or all parameters. If the lines are intersecting with each other, it means that strong interaction between the 
parameters. From interaction plots it can be clearly observed that there is strong interaction between parameters A 
and C, and also moderate interaction between B and C.  Hence, from current research it is clear that the TiO2 
particles is the most influencing parameter for surface roughness parameters of Ni–P–TiO2 composite coatings and 
reducing agent has moderate influence on it. The optimal process parameter for minimum roughness is found to be 
A3B3C2.  
 
 
Fig. 2. Interaction effects plots for mean grey relational grade (a) A Vs B; (b) A Vs C; (c) B Vs C. 
2.3. Analysis of variance (ANOVA) 
Table 5 gives ANOVA results for a gray relational grade. Significance of process parameters and also their 
interactions are investigated by ANOVA. In the given study MINITAB software is used to carry out ANOVA 
calculations and these are based on the F-ratio. It is the ratio between the regression mean square and mean square 
error term. The significance of the parameters under the investigation with respect to the variance of all terms 
included in the error term at the desired significance level, are measured on the basis of F-ratio. The parameter is 
significant at desired levels, if the calculated value of F-ratio is higher than the tabulated value F-ratio.   
              Table 5. ANOVA results for surface roughness. 
Source DOF SS MS F % contribution 
A 2 0.00818 0.00409 1.17402 3.09291 
B 2 0.02172 0.01086 3.11664* 8.21068 
C 2 0.04973 0.02486 7.13378* 18.7937 
A×B 4 0.04565 0.01141 3.27458 17.2535 
A×C 4 0.0583 0.01458 4.18202* 22.0348 
B×C 4 0.05312 0.01328 3.81035 20.0765 
Error 8 0.02788 0.00349  10.5379 
Total 26 0.26459   100 
* Significant parameters (F0.025,2,8 = 6.0595, F0.10,2,8 = 3.1131, F0.05,4,8 = 3.8378) 
From the ANOVA table it is seen that TiO2 particles (parameter C) have got the most significant effect on the 
surface roughness at a confidence level of 97.5%. Similarly, reducing agent concentration (parameter B) has the 
significant effect at a confidence level of 90%. The interaction between nickel sulphate concentration and the 
concentration of TiO2 particles has a significant effect on surface roughness of the composite coating. 
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2.4. Validation test 
Validation of the results of optimum parameters calculated by Taguchi method is the final step. The confirmation 
experiment is performed by conducting the experiment with optimal settings of the factors and levels previously 
calculated. The predicted value of the gray relational grade at the optimum level, K is calculated as given by  
 
1
o
m i m
i
K K K K
 
  ¦                                                                     (2) 
In the above equation ‘ mK ’ is taken as total mean grey relational grade, ‘ iK ’ is considered as mean grey 
relational grade at optimum level, and ‘o’ is the number of main design parameters.  Table 6 shows the results of the 
validation test of the current study. The enhancement of grey relational grade from initial to optimal level is 0.12136 
(15.53%) of the mean grey relational grade. 
         Table 6. Results of the validation test. 
Level Initial parameter Optimal parameter combination 
Prediction Experiment 
A2B2C2 A3B3C2 
Ra 1.085  0.77275 
Rq 1.7275  0.94825 
Rsk 0.5375  0.79875 
Rku 3.295  4.395 
Rsm 0.07015  0.0415 
Grade 0.66024 0.74441 0.7816 
2.5. Surface morphology and phase content 
Energy dispersive x-ray analyzer (EDX) is used to recognize the presence and % weight of nickel, phosphorus, 
and titanium oxide in composite coatings. The result EDX analysis of the Ni–P–TiO2 composite coated sample with 
5 g/L and 10 g/L of TiO2 particles is shown in Fig. 3. The weight % of nickel is found to be 75.17, of phosphorus is 
7.74, of titanium is 9.97 and of oxygen is 7.12. Table 7 gives the comparative analysis of coating composition in 
terms of weight percentage for 5 g/L TiO2 concentration and 10 g/L TiO2 concentration in electroless plating bath. 
Compositional analysis confirms that presence of titanium particles in the coating increases with increase in 
concentration of TiO2 particles in electroless bath, which affects on surface roughness characteristics of the 
composite coating.  
                 Table 7. EDX results of Ni‒P‒TiO2 composite coatings. 
Figure No. Concentration of  
TiO2 particles 
% of Ni % of P % of O % of Ti Total 
Figure 3 (a) 5 g/L 80.72 8.13 4.74 6.41 100 
Figure 3 (b) 10 g/L 75.17 7.74 7.12 9.97 100 
 
The SEM images of coating surfaces in as-deposited condition with 5 g/L of TiO2 and 10 g/L of TiO2 are shown 
in Fig. 4. The coating shows the typical spherical nodular structure and second phase titanium particles are 
uniformly distributed over the Ni–P matrix. This uniform distribution of particles is due to the addition of surfactant 
in electroless bath. For better suspension of particles bath is stirred at 300 rpm. Similar observations are observed by 
other researchers for incorporation of different types of hard/soft composite particles in Ni–P matrix [17-19]. 
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Fig. 3. EDX of Ni–P–TiO2 composite coating (a) with 5 g/L of TiO2; and (b) with 10 g/L of TiO2. 
 
 
 
 
 
 
 
Fig. 4. SEM images of Ni–P–TiO2 composite coating (a) with 5 g/L of TiO2; (b) with 10 g/L of TiO2. 
 
Fig. 5. X-ray diffraction pattern of electroless Ni–P–TiO2 composite coating. 
  From figure it is confirmed that the presence of titanium particles are increased in the coating with 10 g/L TiO2 
particles as compare to coating with 5 g/L of TiO2 particles. The phase structure of Ni–P–TiO2 composite coating is 
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shown in Fig. 5. From XRD analysis, it is seen that as-deposited TiO2 composite coating is almost amorphous in 
nature with a single broad peak at diffraction angle of 44.240. Diffraction corresponds to TiO2 particles cannot be 
traced in composite coating even though the presence of titanium particles evident from the SEM images.  
3. Conclusion 
In given research work Taguchi L27 OA in combination with grey relational analysis is successfully used to study 
the effect of nickel source concentration (A), reducing agent concentration (B), and TiO2 particles (C) on the 5 
roughness parameters (Ra, Rq, Rsk, Rku, and  Rsm) of Ni–P–TiO2 composite coatings. It is observed that the method 
optimizes the coating parameters to achieve desired roughness characteristics. The optimum combination of coating 
process parameters is A3B3C2. ANOVA result shows that the concentration of composite particles, i.e. TiO2 
particles is the most important parameter which significantly affects the roughness characteristics at a confidence 
level of 97.5%. Reducing agent concentration is quite significant at a confidence level of 90%. The improvement of 
the grey relational grade of initial condition to optimal condition is found to be 15.53%. From the SEM micrograph, 
it is confirmed that the composite coating has a smooth surface with uniform distribution of titanium particles. The 
EDX analysis reveals that the coating is a Ni–P composite coating with titanium particles. The TiO2 particles are in 
the range of 6.41 wt.% to 9.97 wt.% and phosphorus in the range of 7.74 wt.% to 8.13 wt.%. The XRD plot reveals 
that the Ni–P–TiO2 composite coating is a combination of amorphous and crystalline structure.  
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